Abstract. The inverse or one-step finite element approach is increasingly used in the sheet metal stamping industry to predict strain distribution and the initial blank shape in the preliminary design stage. Based on the existing theory, there are two types of method: one is based on the principle of virtual work and the other is based on the principle of extreme work. Much research has been conducted to improve the accuracy of simulation results. For example, based on the virtual work principle, Batoz et al.
INTRODUCTION
To avoid trial and error tryout procedures, finite element simulation method has been used in sheet metal stamping in a wide range to evaluate the deformation defects and optimize the design [1] . The commonly used finite element method is based on the incremental method, such as commercial software DYNAFORM, PAMSTAMP, ABAQUS and ANSYS, which are used in the final design stage to verify its feasibility. This method needs detailed design parameters, enormous time and cost to do the numerical trial-and-error, which is not suitable for the concept design and quick verification in the initial design stage [2] . For this reason, another FEM, which is called inverse method or one-step method, has been proposed for a direct simulation. In the incremental method, the analysis begins with the initial given blank to predict the strain distribution on the final 3-dimensional workpiece after stamping. However, in the inverse method, the analysis starts with the final known 3-dimensional workpiece to predict its initial blank shape before stamping and the strain distribution on the workpiece after stamping.
Based on the used theory, there are two types of inverse method: one is on the principle of virtual work and the other on the principle of extremum work. Based on the first principle, Guo et al. [3] presented a detailed study on the inverse algorithm and the corresponding implementation procedures with a membrane triangular element. Batoz et al. [4] [5] introduced a triangular DKT shell element to consider bending and unbending effects in the inverse approach, which has also been employed for the optimum design of sheet metal forming parts in [6] . Based on the principle of extremum work [7] [8] , Lee et al. [9] [10] suggest one-step and multi-step inverse finite element formulations.
Many researches have also been done to find the initial solutions for multi-step inverse method. Kim and Huh [11] suggested a direct mesh mapping method to find initial solutions. Base on the modified arc-length and contact search method we proposed in [12] , a simple procedure is introduced to obtain initial solutions on intermediate 3-dimentional surfaces and to keep the movement and convergence of nodes on intermediate constraint surfaces.
In order to improve the accuracy of one-step inverse FEM, Majlessi et al. [13] proposed a multistep inverse approach by applying the total strain theory of plasticity in each step, but this method is only restricted to axisymmetric shapes. Kim SH and Huh H [10, 14] introduced a general multi-step inverse method with membrane element. Lee CH and Cao J [15] introduced an axisymmetric shell element into multi-step inverse method to take into account the effect of bending effect for more accurate prediction. All above multi-step inverse approaches are based on the extreme work principle. Based on the principle of virtual work, we [16] proposed a multistep inverse method with membrane element, which is suitable to different workpiece shapes.
In the paper, a new multi-step inverse method with shell element is introduced to considering the effect of bending. This method is based on the virtual work principle and is suitable to general shapes. The inputs to the model are the approximate shapes of each step. The outputs of the model include the strain distributions and the shapes in each and every step. The rest of the paper is organized as follows: Section 2 recapitulates the kinematic description used in the method. Section 3 proposes methods to solve key problems in multi-step inverse FEM. Numerical simulations have been conducted and compared between incremental FEM and our proposed multistep inverse FEM to verify its feasibility in Section 4. Conclusions are presented in Section 5.
KINEMATIC DESCRIPTION
The curved intermediate and final configurations are shown in Fig.1 , which are the two states to be considered in multi-step FEM.
FIGURE 1. Shell geometry and kinematics
In the above figure, position vector of node q in the thickness is expressed as follows:
Introduce two unit orthogonal tangent vectors t 1 and t 2 onto the curved deformed middle surface as local curvilinear coordinates. Then:
and ( ) ( )
Translate into matrix form: 
r, s, t are the components of the curvature tensor of the deformed shell which can be deduced in the same way as that in paper [4] . Assume the shell is thin and then can approximately get:
If we assume the thickness is constant in each element, then:
The kinematic equation of a material point on the initial surface can be written as:
and
Translate into matrix form:
with [ ]
Using equation (4), (5), (13), the inverse deformation gradient tensor can be deduced as:
The left Cauchy-Green tensor can be defined as: 
The direction of the principal strains is given by: 
The principle of the virtual work is expressed on the final or intermediate configurations in Fig.1 . 
Then the following iterative procedure is used to improve the solution:
The tangent matrix (40) is obtained by a central finite difference perturbation technique:
The coefficient of perturbation is in the interval between 10-8 and 10-4. Figure 2 shows the flowchart of multi-step inverse finite element approach, which is carried out in the similar way as Majlessi et al. [13] . Before the iteration, initial solutions on flat plane and all other constraint planes should be calculated with the modified arc-length search method [16] . Then the Newton-Raphson iteration is conducted during all steps from the flat to the final. In each step, the lower configuration noted as the initial state and the adjacent higher one noted as the final state. The position of nodes is updated in the initial state and other results, such as strain distribution, are updated in the final state. After a converged iteration for current step n, the plastic strain and thickness on the final state n are updated for the usage as initial state in step (n+1). The iteration of each step is terminated until the displacement convergence criterion is satisfied. 
IMPLEMENTATION OF MULTI-STEP FEM
which means the contour will not change in each step.
NUMERICAL RESULTS AND COMPARISON
The proposed approach has been coded and applied to a 2-step square cup deep drawing with final height 20mm and initial thickness 1mm. Two inverse methods (multi-step membrane and multi-step shell) have been used to predict the initial blank shape before stamping and the strain distribution on each step. Based on the predicted initial blank shape, increase method PAMSTAMP is introduced to predict the blank contour and strain distribution after each step. Blank contours and strain distributions have been compared between above three methods to test feasibility of our proposed approach. Figure 3 shows two mesh systems of a 2-step workpiece. Part (a) of the figure is the mesh of final part and (c) is the mesh of sliding constraint surface of step1 which can be defined by punch and die. Part (b) is the mesh system of workpiece after first step deep drawing, which can be obtained by mapping the final workpiece mesh onto the sliding constraint surface of first step by our proposed method. Only a quarter of the workpiece is analyzed in the study for its symmetrical feature, so is that of the constraint surfaces. The part after first stamping has almost the same shape as above but with a height 10mm.
The blank is made of anisotropic material with Young's Modulus 210Gpa and Poisson ratio 0.3. The normal Lankford value is 1.87 with friction coefficient 0.12 and blank holder force 1KN. The strain and stress relationship is shown as the following formula:
Initial blank contour Figure 4 shows the initial flat blank contour predicted by multi-step shell inverse method. The above blank is inputted into PAMSTAMP to predict the contour and strain distribution after each step. Figure 5 shows thickness strain distribution in the diagonal direction of blank after first stamping. Multistep shell inverse method and PAMSTAMP have almost the same trend and peak values in the whole distance. Multi-step membrane inverse method presents nearly the same trend as above two lines, but with just the half of peak values. Figure 6 shows thickness strain distribution in the diagonal direction of blank after second stamping. Three lines have almost the same trend even though there are some discrepancies. Comparing the peak values between three lines, the multi-step shell inverse method is closer to the PAMSTAMP than that of multi-step membrane inverse method, which means the shell inverse method has a more accurate prediction than that of membrane inverse method.
CONCLUSIONS
A multi-step shell inverse method is proposed in the study to seek blank contours and strain distributions on intermediate configurations during multi-step stamping. Comparisons of numerical simulation results between the proposed multi-step shell inverse FEM and PAMSTAMP verify the feasibility of the method. It is also seen that the multistep shell inverse FEM has more accurate results than that of multi-step membrane inverse FEM.
